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The thyroid is a highly vascularized endocrine gland, displaying a characteristic epithelial organization in
closed spheres, called follicles. Here we investigate how endothelial cells are recruited into the
developing thyroid and if they control glandular organization as well as thyrocytes and C-cells
differentiation. We show that endothelial cells closely surround, and then invade the expanding thyroid
epithelial cell mass to become closely associated with nascent polarized follicles. This close and sustained
endothelial:epithelial interaction depends on epithelial production of the angiogenic factor, Vascular
Endothelial Growth Factor-A (VEGF-A), as its thyroid-speciﬁc genetic inactivation reduced the endothe-
lial cell pool of the thyroid by >90%. Vegfa KO also displayed decreased C-cells differentiation and
impaired organization of the epithelial cell mass into follicles. We developed an ex vivo model of thyroid
explants that faithfully mimicks bilobation of the thyroid anlagen, endothelial and C-cells invasion,
folliculogenesis and differentiation. Treatment of thyroid explants at e12.5 with a VEGFR2 inhibitor
ablated the endothelial pool and reproduced ex vivo folliculogenesis defects observed in conditional
Vegfa KO. In the absence of any blood supply, rescue by embryonic endothelial progenitor cells restored
folliculogenesis, accelerated lumen expansion and stimulated calcitonin expression by C-cells. In
conclusion, our data demonstrate that, in developing mouse thyroid, epithelial production of VEGF-A
is necessary for endothelial cells recruitment and expansion. In turn, endothelial cells control epithelial
reorganization in follicles and C-cells differentiation.
& 2013 Elsevier Inc. All rights reserved.Introduction
In mammals, the thyroid is a composite endocrine gland that
produces both thyroid hormones, by thyrocytes organized as
follicles, and calcitonin in scattered C-cells. Follicular cells origi-
nate from the primitive endoderm as a thickening in the ventral
wall of the primitive pharynx around embryonic day (e)8–e8.5.
Invagination forms the thyroid bud that separates from the
endoderm at e11.5 and starts expanding bilaterally. Final shaping
in two lobes connected by a narrow isthmus is achieved by e15. At
the same time, prefollicular structures appear by polarization of
epithelial cells, and genes involved in thyroid hormones synthesis
are induced (De Felice and Di Lauro, 2004). The second type of
endocrine cells, C-cells, originates from the fourth pharyngealll rights reserved.
(C.E. Pierreux).
p (C.E. Pierreux).pouches. They migrate as two groups of cells called the ultimo-
branchial bodies, and intermix with the thyroid cells of each lobe
at e13.5 (Kameda et al., 2007). In adult, thyrocytes transport iodine
from the basolateral to the apical cell membrane, where thyroper-
oxidase ensures thyroglobulin iodination. Upon stimulation by
TSH (thyroid-stimulating hormone), thyrocytes endocytose
iodinated-thyroglobulin into lysosomes where T4 and T3 are
excised to be eventually exported into the circulation (Dunn and
Dunn, 2001). The thyroid gland is highly vascularized and the
intimate association between follicles and blood capillaries,
referred to as angio-follicular units, is crucial for thyroid hormone
synthesis and release (Gerard et al., 2002).
Congenital hypothyroidism (CH) is the most prevalent endo-
crine disorder among children, with an incidence of 1/3000–4000
(Toublanc, 1992). Untreated CH causes dwarﬁsm and severe
intellectual disability. Accurate thyroid development is therefore
an absolute requirement for central nervous system and whole
body development (Morreale de Escobar et al., 2000).
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by epithelial cells, controls thyroid development: Nkx2.1, Pax8,
Foxe1 and Hhex. Individual knockout of each of these transcription
factors severely impairs thyroid development (for a review, De
Felice and Di Lauro, 2004). Interestingly, Nkx2.1 inactivation in
adults shows its essential role for the maintenance of thyroid
architecture and function (Kusakabe et al., 2005). Moreover,
folliculogenesis is impaired in thyroids expressing a non-
phosphorylable Nkx2.1 protein (Silberschmidt et al., 2011).
Recently, two studies also reported the involvement of microRNAs
in follicular organization (Frezzetti et al., 2012; Rodriguez et al.,
2012). Besides these intrinsic controls, a role for epithelial:
mesenchymal interactions has been uncovered in thyroid devel-
opment, like in other endoderm-derived glands (Hick et al., 2009).
For example, Tbx1 (T-box transcription factor), expressed in the
mesoderm surrounding the thyroid, is a direct regulator of Fgf8
expression. Tbx1 gene inactivation causes thyroid hypoplasia,
limited to a single lobe, and absence of ultimobranchial bodies,
thus of C-cells (Liao et al., 2004). Artiﬁcial reexpression of
mesenchymal Fgf8 from the Tbx1 locus rescues the size defect of
the thyroid primordium, demonstrating the central role of
mesenchyme for overall thyroid development (Lania et al., 2009).
At the onset of thyroid development, Shh is remarkably absent
from endodermal cells that will give rise to the thyroid primor-
dium, but is well-expressed in the adjacent pharyngeal endoderm.
However, Shh has been demonstrated to be involved in thyroid
bilobation (Fagman et al., 2004). To our knowledge, no extrinsic
cue has been shown to speciﬁcally control follicle formation.
Blood vessels have long been considered as a passive tubular
network delivering oxygen and nutrients. According to this view,
“vasculature follows organ development”. However, an instructive
view of the endothelium has recently emerged in developmental
or disease processes, either by physical (contact) or chemical
(paracrine) interactions with the epithelium (Cleaver and
Melton, 2003; Cleaver and Dor, 2012). For example, hypervascu-
larization of the pancreas promotes endocrine differentiation at
the expense of the acinar cells (Lammert et al., 2001). We have
further shown that endothelial cells are speciﬁcally recruited near
the trunk cells of the pancreatic epithelium due to their high
expression of vascular endothelial growth factor-A (VEGF-A), as
compared to tip cells. This precise localization prevents exocrine
differentiation of trunk cells, thereby restricting exocrine differ-
entiation to tip cells (Pierreux et al., 2010). In the developing lung,
endothelial cells are required to determine airway branching
morphogenesis (Lazarus et al., 2011). Dosage seems critical since
either deletion or overexpression of Vegfa in kidney glomeruli
likewise impact on endothelial development and impair the
establishment and maintenance of the glomerular ﬁltration barrier
(Eremina et al., 2003).
Several studies reported potential roles of the vasculature
during early thyroid development. Rather intriguing is the close
proximity between endoderm thickening speciﬁed to the thyroid
primordium and the aortic sac, without any mesenchymal cell
interposition (Fagman et al., 2006). It has been postulated that
arch arteries could serve as guiding tracks for thyroid progenitors
as they migrate towards the ultimobranchial bodies (Fagman et al.,
2006; Alt et al., 2006). Interestingly, cardiac anomalies such as Di
George's syndrome represent the most recurrent birth defects
associated with thyroid dysgenesis and congenital hypothyroidism
(Olivieri et al., 2002; Liao et al., 2004). Deletion of the Tbx1 gene in
mice, which has been associated with Di George's syndrome, also
causes defects of aortic arch and outﬂow tract heart associated
with thyroid hemi-agenesis and hypocalcemia (Liao et al., 2004).
Whether association of cardiac and thyroid malformations is due
to the lack of a common biochemical regulator (for example the
transcription factor Isl1 is expressed in both thyroid and heartprogenitors) or interruption of reciprocal interactions between the
two structures remains unknown (Fagman and Nilsson, 2009).
Detailed knowledge of organ morphogenesis should therefore
include the precise analysis of epithelial and endothelial develop-
ment, and their reciprocal communications. Here, we investigated
the role of endothelial cells during thyroid gland development. We
ﬁrst show that endothelial cells are recruited in response to
epithelial production of VEGF-A. The functional role of blood
capillaries was next studied in thyroid-speciﬁc Vegfa knockout,
and in an original ex vivo culture system of the thyroid. Our results
show that endothelial cells are necessary for the organization of
the thyroid epithelial cell mass into follicles and for normal
calcitonin expression.Materials and methods
Animals
Vegfa-ﬂoxed and Pax8-cre mice were obtained from N. Ferrara
(Genentech) (Gerber et al., 1999) and (Bouchard et al., 2004),
respectively. All other mice were of the CD1 strain. Mice were
raised and treated according to the principles of laboratory animal
care of the University Animal Welfare Committee.
Dissection and culture of thyroid explants
Thyroid explants were microdissected from e12.5 mouse
embryos and included tissue localized rostral to the pharyngeal
arch arteries, containing the trachea but not the oesophagus.
Explants were cultured on microporous membranes, ﬂoating on
M199 medium supplemented with 10% fetal calf serum (FCS),
100 U/ml penicillin, 100 mg/ml streptomycin, 0.25 mg/ml fungizone
and 2 mM glutamine (van Eyll et al., 2004), renewed every other
day. SU5416 (VEGFR2 kinase inhibitor III, Calbiochem/VWR) was
dissolved in DMSO as 10 mM stock solution and added at 5 μM in
the culture medium. Control explants were exposed to the same
concentration of vehicule as the test samples. Bright ﬁeld and
ﬂuorescence images of cultured explants were acquired with a
Zeiss Discovery V12 stereomicroscope.
Endothelial progenitor cells (EPCs)
Embryonic EPCs were produced as described (Sbaa et al., 2006)
and cultured on gelatin-coated dishes containing DMEM (cat #
42430, Gibco) supplemented with 20% non-decomplemented FCS,
100 U/ml penicillin, 100 mg/ml streptomycin and 100 μM non-
essential amino acids. To stably express TOMATO FP, the cells
were infected with pHIV-TOMATO (Addgene) using lentiviral
approach disclosed elsewhere (Taulli et al., 2005). Cells were
trypsinized with Tryple Express (Invitrogen). For rescue experi-
ments, 60,000 eEPCs were added on the center of the ﬁlter with
the explants. To collect conditioned medium (c.m.), 50–70% con-
ﬂuent cells were incubated for 16 h in M199 medium without
serum (6 ml for a 7.8-mm2 dish). Supernatant was ﬁrst centrifuged
at 850g for 5 min to remove ﬂoating cells or large debris, then at
17000g for 20 min and ﬁnally concentrated by centrifugation at
1900g for 5 min in Amicon Ultra, 5 or 50 K units. Non-conditioned
M199 medium was also concentrated in parallel and used as
negative control. 10-x concentrated medium was supplemented
with 10% FCS before use. For proteolytic digestion, 10-x concen-
trated c.m. was incubated for 2 h at 37 1C with 0.5 mg of pronase/
ml (Sigma), which was then washed out by 6 cycles of dilution
with M199/concentration on Amicon ﬁlter unit. For gel ﬁltration,
50 μl of 40-x concentrated c.m. was loaded on a Superdex-200 gel
ﬁltration column (GE Healthcare) equilibrated with buffer A
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and two-ml fractions were collected in 220-μl of 10-x non-
conditionned M199 medium. Fractions were further concentrated
2-fold on Amicon Ultra-4, 5 K units before assessing biological
activity in the presence of 10% FCS. To determine the molecular
weight range of the fractions, the Superdex-200 column was
calibrated with following standards: thyroglobulin (670 kDa), IgG
(158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) and vitamin
B12 (1.35 kDa).
In situ hybridization
Mouse embryos were ﬁxed overnight at 4 1C by 60% ethanol,
30% formaldehyde and 10% acetic acid before parafﬁn embedding.
Digoxigenin-labeled antisense RNA probes for Vegfa and VEGF
Receptor type 2/Fetal liver kinase 1 (Vegfr2/Flk1) are described
elsewhere (Pierreux et al., 2010). Nkx2.1 probe was kindly pro-
vided by R. Di Lauro. cDNAs spanning nucleotides 44–243, 171–424
and 1265–1473 of mouse sequences coding for Pax8, Foxe1 and
Hhex, respectively, were ampliﬁed to generate antisense probes. In
situ hybridization was performed on 16μm-thick sections as
described (Jacquemin et al., 2003). Whole-sample images were
acquired using a Zeiss Mirax Midi ﬂuorescence microscope.
Immunolabeling
For whole-mount immunolabeling, dissected thyroids were
ﬁxed by 4% formaldehyde in PBS for 1 h at 4 1C and processed as
described (Pierreux et al., 2006). Immunoﬂuorescence on sections
from embryos or explants was performed as described (Pierreux
et al., 2006). For immunoﬂuorescence after in situ hybridization,
sections were treated as described (Gaide Chevronnay et al., 2008).
Antibodies and dilutions are described in Supplementary Table 1.
Nuclei were counterstained with Hoechst (Sigma) in PBS during
incubation with the secondary antibodies. Secondary antibodies
were coupled to Alexa-488, −594 or −647, as appropriate (Invitro-
gen). For peroxidase staining, the envision system (Dako) was
used. Fluorescence on sections was observed with a Zeiss Axiovert
200 inverted ﬂuorescence microscope or with a Zeiss Cell Obser-
ver Spinning Disk (COSD). Whole-mount immunolabeled tissues
were dehydrated gradually in methanol, cleared and mounted in
methylsalicylate (Sigma) and examined with a Zeiss LSM510
multiphoton microscope using its dedicated software for three-
dimensional projections.
For quantiﬁcation of calcitonin-expressing cells, we counted
labeled cells on every tenth 7-mm section of each lobe of the whole
thyroid gland (approximately seven sections per lobe of three
individuals). Numbers were integrated per distance interval to
provide an estimate of total c-cell number in each lobe as a
function of tissue depth. For quantiﬁcation of PHH3-expressing
cells, we counted labeled cells on every ﬁfth 8-mm section of each
lobe of the whole thyroid gland (approximately twenty sections).
Numbers were integrated per distance interval to provide an
estimate of total cell number per thyroid lobe. Further normal-
ization to 100-mm thickness prevented bias due to lobe size
variations.
For quantiﬁcation of number and size of ezrin-labeled structures,
samples were analyzed using the LSM510 (Zeiss) confocal micro-
scope. Z-stacks of 12 to 27-mm thick optical sections were recorded
at high resolution (63/1.40 oil Plan-Apochromat) under optimal
conditions to fulﬁll Nyquest sampling criteria. To avoid analysis of
the same ezrin+structure, only every tenth section in the z-stack
was analyzed. Analysis was performed with AxioVision 4.8.2 soft-
ware (Zeiss). To prepare the binary mask for analysis, images were
thresholded in a ﬁxed intensity window (20-255) and very small
dots, at the limit of microscopic detection (surfaceo4 pixels) werecleaned away. Retained structures on the binary image were ﬁlled
and surface measured on all selected images. Statistical tests were
performed with SYSTAT (version 10, SPSS).
Real-time RT-PCR
Total RNA was extracted from embryonic thyroid lobes or
cultured explants using Trizol reagents (Invitrogen) in combina-
tion with Phase Lock GelTM (Invitrogen). RNA (0.5 μg) was reverse-
transcribed with random hexamers using Moloney Murine Leu-
kemia Virus or Avian Myeloblastosis Virus reverse transcriptase
(Invitrogen). Real-time quantitative PCR was performed by using
KAPATM SYBRs Fast qPCR kit (Sopachem). Primers sequences are
described in Supplementary Table 2. Relative changes in target
gene/β-actin mRNA ratio were determined by transformation of
threshold cycles to absolute mRNA numbers (Pierreux et al., 2006)
or using the ΔΔct method using β-actin as the reference gene.
Electron microscopy
Control and cKO e18.5 thyroid lobes were rapidly rinsed with
155 mM NaCl, ﬁxed by 2% (v/v) glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4, for 30 min at 4 1C, and washed again
thrice for 10 min with 50 mM Tris–HCl, pH 6.0. Cells were post-
ﬁxed with 1% (w/v) OSO4–2%KFe(CN)6 solution, stained en bloc
with 1% uranyl acetate for 2 h and pelleted in 2% agar. Pellets were
dehydrated in graded ethanol and embedded in Spurr. Ultrathin
(70 nm nominal) sections were obtained with a Reichert ultra-
microtome (Reichert), collected on rhodanium 400 mesh grids and
contrasted with 3% uranyl acetate followed by lead citrate, each for
10 min. Grids were washed with water, dried, and examined in a
FEI CM12 electron microscope operating at 80 kV.
Statistical analysis
Statistical analysis was performed using two-tailed Student's t-
test, except for ezrin+structures quantiﬁcation, where Kolmo-
gorov–Smirnov and Sign-test were used. Data are presented as
mean7s.e.m.Results
Endothelial cells closely surround thyroid epithelium during
development
Most studies investigating thyroid development have focused
on epithelial development as an autonomous process. Here, we
addressed thyroid epithelial development within its environment.
Given that the thyroid is a highly vascularized endocrine organ, we
focused on the role of blood vessels during thyroid development
with emphasis on folliculogenesis. To these aims, we ﬁrst deter-
mined the spatial organization of endothelial cells in relation to
epithelial cells from the early stages of thyroid bud development
(Fig. 1). We identiﬁed endothelial cells by immunoﬂuorescence for
Platelet and Endothelial Cell Adhesion Molecule (PECAM or CD31)
and thyroid epithelial cell nuclei using antibodies to Nkx2.1 (TTF-
1). We found that, at e12.5, endothelial cells are localized around
the single thyroid epithelial cell mass derived from the endoderm
bud. From e13.5, the abundance of endothelial cells increases and
they progressively migrate in-between Nkx2.1+ epithelial cells.
Vascular density culminates around e16.5, a time at which almost
every epithelial cell is in contact with an endothelial cell (Fig. 1A).
Tridimensional analysis of whole-mount immunolabeled thyroids
at e12.5 and e16.5 conﬁrmed these observations (supplementary
Movies 1 and 2). In parallel, we monitored thyroid folliculogenesis,
Fig. 1. Endothelial cells closely surround the thyroid mass, then epithelial follicles, which start producing thyroid hormones. Immunolabeling of control thyroid sections
from e12.5 to e16.5 ((A), (B)) or at birth (C). (A) Topological relation between the thyroid epithelium and blood capillaries. At the thyroid bud stage (e12.5), endothelial cells
(PECAM, red) closely surround the epithelial cell mass (Nkx2.1, green). During subsequent development, endothelial cells progressively invade the expanding cell mass, and
generate therein a dense capillary network that eventually surrounds all individualized follicles at e16.5. Panels at e12.5 and e16.5 show frames selected from Supplementary
Movies 1 and 2, respectively. (B) Polarization of thyrocytes. The e12.5 thyroid bud is composed of a mass of non-polarized epithelial cells (E-cad+; Ezrin−). Small intracellular
dots labeled for ezrin appear at e14.5, sometimes seen as doublets just underneath both sides of an epithelial contact (arrowhead), but no lumen is detectable. At e16.5,
essentially all epithelial cells are organized in follicular-like structures or “rosettes”, made of polarized monolayers, with apical ezrin delineating microlumina, which expand
thereafter (see (C)). (C) Differentiation of thyrocytes. At birth, follicular cells (E-cad+) are apically labeled for iodothyroglobulin (T4 antibodies). See also Fig. S1 in the
supplementary material.
A.-C. Hick et al. / Developmental Biology 381 (2013) 227–240230i.e. acquisition of epithelial cell polarity, using antibodies to the
subapical marker, ezrin, in combination with the epithelial plasma
membrane marker, E-cadherin. At e12.5, the thyroid bud consists
of a mass of epithelial cells with no visible ezrin staining (Fig. 1B).
This multilayered epithelium thus totally lacks apico-basal polarity
and luminal structure (Fig. 1A and B), as in the pancreas and
submandibular buds (Hick et al., 2009). With development, the
thyroid bud expands and the ﬁrst sign of polarization appears
around e14.5 with small clusters of ezrin, sometimes seen as
doublets just underneath both sides of an epithelial contact
(arrowhead, Fig. 1B). From e16.5, epithelial cells are reorganized
in small clusters (“rosettes”), with ezrin labeling at the apical
membrane delineating small lumina (Fig. 1B). Similar results were
obtained using an antibody recognizing the tight junction scaffold,
ZO-1 (see Fig. S1 in the supplementary material). Subsequently, as
lumina dilate, “rosettes” form follicles, i.e. continuous indepen-
dent monolayer sheets surrounding a closed compartment where
thyroglobulin is vectorially discharged and converted into iodothyr-
oglobulin (Fig. 1C). Thus, during thyroid morphogenesis and folli-
culogenesis, endothelial cells initially surround a mass of non-
polarized epithelial cells. As they invade this mass, epithelial cells
concomitantly organize in pre-follicular “rosettes”. By the end of
gestation, a dense network of capillaries intimately embraces all
polarized thyroid follicles. These data suggested that thyroid
epithelial cell organization into follicles might be concerted with
endothelial cells development.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.47.002.
Vegfa/Vegfr2 are strongly expressed during thyroid development
Since VEGF-A is a major regulator of blood vessels development,
we quantiﬁed the expression of the VEGF family members and oftheir receptors (VEGFRs) in the thyroid from e14.5 to e17.5. Among
the VEGF ligands, the expression of Vegfa mRNAwas the highest and
increased with thyroid development (Fig. 2A). Among its receptors,
Vegfr2, the main VEGF-A receptor involved in blood vessels angio-
genesis, also showed the highest mRNA expression level in the
thyroid. We thus mapped Vegfa- and Vegfr2-expressing cells using
in situ hybridization (ISH). Analysis of e14.5 whole embryo sections
showed a strong Vegfa expression in the thyroid gland, actually
displaying the highest signal in the entire body section (Fig. 2B,
boxed region). To deﬁne cells that so actively expressed Vegfa, we
identiﬁed epithelial and endothelial cells on the same section as
used for ISH, using double immunoﬂuorescence for E-cadherin and
PECAM, respectively. High magniﬁcation of the thyroid region
demonstrated that Vegfa signal was exclusively detected in E-cad-
herin+ thyroid epithelial cells and not in adjacent endothelial cells
(Fig. 2B and Fig. S2 in the supplementary material). Of note,
epithelial cells originating from the ultimobranchial bodies were
devoid of Vegfa expression (asterisks in Fig. 2B). Analysis of the
adjacent section, hybridized with a Vegfr2 antisense probe, revealed
a complementary endothelial-like expression pattern (Fig. 2B, lower
panels). The endothelial identity of the Vegfr2 signal was conﬁrmed
by co-immunolabeling with the PECAM antibody, thereby demon-
strating that only endothelial cells expressed Vegfr2. The comple-
mentary expression pattern of Vegfa and Vegfr2, also observed at
e16.5 (see Fig. S2 in the supplementary material), strongly sug-
gested that the epithelial cell-derived VEGF-Awas a primum movens
to attract and retain endothelial cells into the epithelial mass.
Epithelium-derived VEGF-A is necessary for endothelial cells
recruitment and expansion
To test for a key role of VEGF signaling in endothelial cell
recruitment and blood vessels development in the developing
Fig. 2. The developing thyroid strongly expresses Vegfa and is closely associated with Vegfr2-expressing endothelial cells. (A) Q-PCR proﬁling of VEGF family ligands and
receptors. Vegfa and Vegfr2 are most expressed during thyroid development where expression increases from e14.5 to e17.5. (B) Vegfa and Vegfr2 localization by in situ
hybridization and immunolabeling. At left, hybridization of the antisense probe for Vegfa on an e14.5 embryo shows the highest intensity in the thyroid region (boxed;
enlarged at right). On the same section shown at upper right, the Vegfa pattern coincides with epithelial cells (E-cad; red), and is fully dissociated from endothelial cells
(PECAM; green). At lower right, pattern for Vegfr2 mRNA is complementary to that of Vegfa and perfectly overlaps with endothelial cells (PECAM, green). All asterisks mark
the cluster of epithelial cells originating from ultimobranchial bodies (E-cad+; Vegfa-). See also Fig. S2 in the supplementary material.
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ﬂoxed Vegfa alleles in the thyroid epithelium. To this end, Pax8-
Cre mice, which express Cre recombinase in the thyroid, were
mated with Vegfa-loxP mice. Recombination efﬁciency was eval-
uated by LacZ staining and its effect was evaluated by in situ
hybridization and by RT-qPCR (Fig. 3). The double heterozygous
Pax8Cre/+;VEGFAﬂox/+ males used in this study were ﬁrst mated
with ROSA-stop-LacZ females. Analysis of the neck of e13.5
embryos revealed strong and uniform β-galactosidase activity
limited to both thyroid lobes and their isthmus, demonstrating
efﬁcient and selective Cre recombinase activity in the thyroid
(Fig. 3A). Double heterozygous males were crossed with VEGFAﬂox/
ﬂox females to obtain thyroid-speciﬁc VEGFA deﬁcient embryos:
Pax8Cre/+;VEGFAﬂox/ﬂox or conditional KO (cKO). Using RT-qPCR, we
measured Vegfa mRNA levels, as well as those of the endothelial-
speciﬁc Vegfr2 and Ve-cadherin, in microdissected thyroids from
newborns (P0). In cKO newborns, Vegfa expression was decreased
by more than 90% (po0.001, n¼5) (Fig. 3B). The strong decrease
in Vegfa expression was accompanied by a large reduction in
the endothelial-speciﬁc Vegfr2 (−80%, po0.001, n¼7) and
Ve-cadherin (−70%, po0.001, n¼7) mRNAs. Heterozygous
(Pax8Cre/+;VEGFAﬂox/+) newborns displayed only mild reduction
in Vegfa, Vegfr2 and Ve-cadherin expression (around 30% for the
three tested genes, po0.001, n¼5 for Vegfa and n¼7 for Vegfr2
and Ve-cadherin).
To verify that the decrease in Vegfa mRNA was speciﬁc to the
thyroid epithelium, we performed in situ hybridization on e14.5embryos. This analysis revealed that Vegfa expression was ablated
in the thyroid epithelium of cKO but not in adjacent submandib-
ular glands (Fig. 3C and Fig. S3). Of note, Pax8-driven Cre also
inactivated VEGF-A production in the kidney (see below). In line
with RT-qPCR data, strongly reduced Vegfa expression in e14.5
cKO thyroids was accompanied by a much weaker and more
spatially restricted Vegfr2 signal on the adjacent section, demon-
strating strong impairment of microvessel survival and/or angio-
genesis (Fig. 3C). Whole-mount immunolabeling of PECAM control
and cKO thyroids at e17.5 conﬁrmed the decreased blood vessels
density, as illustrated by z-stacks of confocal sections followed by
three-dimensional reconstructions. Importantly, apoptosis was not
detected at any developmental stage in cKO embryos (data not
shown). Altogether, these results demonstrated that Vegfa pro-
duced by thyroid epithelial cells is necessary for the recruitment of
endothelial cells and for the development of a dense network of
blood vessels around the epithelial cells.
VEGFA conditional knockout mice die perinatally, presumably
due to renal failure
Mutant offspring were observed at the expected Mendelian
frequency up to birth, but all cKO died during their ﬁrst postnatal
day, preventing analysis of thyroid function. Analysis of epithelial
cell proliferation in cKO thyroids was normal at e15.5 (data not
shown), but showed qualitative and quantitative differences at
e17.5. Qualitatively, proliferating cells identiﬁed by labeling for
Fig. 3. Thyroid-speciﬁc Vegfa KO demonstrates that recruitment and expansion of endothelial cells depends on production of VEGFA by epithelial cells. (A) Targeting and
efﬁciency of Cre recombinase activity. β-galactosidase (lacZ) staining of Pax8Cre/+ thyroid gland demonstrates efﬁcient Cre recombinase activity in the thyroid lobes and
isthmus as early as e13.5. (B) Efﬁciency of Vegfa inactivation by RT-qPCR. Loss of one (heterozygote; het) or two (homozygote or Vegfa conditional knockout; cKO) Vegfa
alleles causes a dose-dependent reduction in the expression of Vegfa, and of the endothelial markers Vegfr2 and Ve-cadherin in newborns (values are means7s.e.m.
**po0.001). (C) Efﬁciency of Vegfa inactivation as shown by in situ hybridization. Serial sections of control (upper row) or cKO e14.5 thyroids (lower row). cKO abrogates
Vegfa antisense probe hybridization and decreases that for Vegfr2. (D) Decreased endothelial cell density in Vegfa cKO. Whole-mount immunolabeling for PECAM (green) of
e17.5 control (upper row) and cKO thyroids (lower row). Left, individual confocal sections; right, 3D reconstruction from 43 confocal images (projection from 43-mm total
thickness). In Vegfa cKO, thyroid microvascular density is strongly reduced.
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lium, but preferentially found at the periphery of cKO glands (see
Fig. S4). This corresponded to a two-fold reduction in the number
of pHH3+ cells in cKO (12007100 vs 580770 PHH3+cells/
100 mm thickness, po0.01). Nevertheless, this late decrease had
no visible effect on cKO thyroid size at birth.
We thus suspected that early death of cKO newborns was due
to renal failure. Indeed, besides expression in the thyroid gland,
Pax8 is also expressed in the kidneys and homozygous deletion of
Vegfa in glomeruli (using nephrin-Cre) results in perinatal leth-
ality due to abortive build-up of the glomerular ﬁltration barrier
(Eremina et al., 2003). In the kidneys of cKO newborns, ablation of
Vegfa expression was conﬁrmed by RT-qPCR, and PECAM immu-
noﬂuorescence disclosed a severe loss of endothelial cells in
glomeruli, with abortive architecture as shown by conventional
histopathology (see Fig. S5). Adults heterozygous for the deletion
of Vegfa in the thyroid showed normal follicle shape and size,
proper vascularization and iodothyroglobulin production (see Fig.
S6 Moreover, heterozygotes and controls showed no signiﬁcant
difference for thyroxin serum levels (5.670.2 vs 6.070.2 mg/dl,
n¼15 and 26, respectively) and TSH levels (130720 vs
100730 pg/ml, respectively, n¼7).
Effect of vascular density on the dual thyroid endocrine function
The thyroid gland is a composite organ with dual endocrine
function: production of thyroid hormones by thyrocytes organized
into follicles, to ﬁnely tune global body metabolism; and secretionof calcitonin by scattered C-cells, as part of calcium homeostasis.
To evaluate the role of blood vessels in thyroid embryonic devel-
opment, we ﬁrst measured the expression level of the four
thyroid-speciﬁc transcription factors (Nkx2.1, Pax8, Foxe1 and
Hhex) by RT-qPCR at P0 and analyzed their expression pattern
by in situ hybridization at e14.5 (Fig. 4A and C). While Nkx2.1,
Foxe1 and Hhex had the same level and expression pattern in cKO
and control thyroids, Pax8 expression level was increased by
almost 40% in cKO and heterozygote thyroids at birth (po0.05,
n¼7). Nevertheless, its expression pattern, conﬁned to the epithe-
lium, was comparable between control and cKO embryos (Fig. 4C).
We then analyzed the mRNA expression of differentiation
markers in cKO thyroids at birth. Thyroperoxidase (Tpo), thyroglo-
bulin (Tg) and TSH receptor (Tshr) expression were slightly
modiﬁed (−30, −20 and +30%, respectively, po0.01, n¼7), Na+/I−
symporter (Nis) expression was unaffected and immunolabeling of
iodothyroglobulin showed a normal localization (Fig. 4B and D).
Altogether, these data indicate that reduced blood vessels density
is not detrimental to thyrocytes differentiation. Unexpectedly, RT-
qPCR showed a 2-fold reduction in calcitonin expression (−55%,
po0.001, n¼7) in cKO thyroids. This decrease could reﬂect a
lower number of C-cells, a reduced expression of calcitonin in all
the C-cells, or both. To distinguish between these hypotheses, we
performed immunolabelling and in situ hybridization for calcito-
nin. To quantify the number of C-cells, three controls and three
cKO thyroids at P0 were immunolabeled with an anti-calcitonin
antibody and calcitonin-producing C-cells were counted in serial
sections of both lobes. The average number of C-cells per 100-μm
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Fig. 4. Reduction in vascular density does not prevent thyrocyte differentiation but impairs calcitonin expression. (A) Thyroid-speciﬁc transcription factor analysis by
RT-qPCR. Except for a slight increase of Pax8 expression level in Vegfa cKO and heterozygote thyroids (*po0.05), the expression of Nkx2.1, Foxe1 and Hhex does not change
in cKO newborns. (B) Differentiation marker analysis by RT-qPCR. In cKO P0 thyroids, the expression levels of thyroperoxidase (Tpo), thyroglobulin (Tg) and thyrotropin
receptor (Tshr) are only marginally affected, but that of calcitonin is reduced by 50% (npo0.01, nnpo0.001). (C) Localization of transcription factors by in situ hybridization.
The expression pattern of the four thyroid-speciﬁc transcription factors is comparable in e14.5 control and Vegfa cKO thyroids. (D) Imaging and quantiﬁcation of endocrine
differentiation. Immunolabeling (e17.5) and in situ hybridization (e18.5) on control and cKO thyroid sections. Although follicular differentiation is impaired by Vegfa cKO (see
below), apical iodothyroglobulin production is qualitatively preserved, in line with RT-qPCR data (panel B). The number of calcitonin-expressing C-cells and their distribution
within the lobes is not affected in cKO, but calcitonin mRNA level in each cell is signiﬁcantly reduced, conﬁrming RT-qPCR data (panel B).
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control and cKO (794775,5 vs 687783,2; p¼0.128), and their
distribution in the whole lobes was comparable (Fig. 4D). In situ
hybridization for calcitonin mRNA also revealed a similar number
and scattering of calcitonin-expressing cells throughout the
epithelium of e18.5 cKO embryos, as compared to controls
(Fig. 4D). However, the intensity of calcitonin mRNA staining was
clearly weaker in cKO thyroids. Altogether, these data indicated
that blood vessels do not inﬂuence C-cell number in the thyroid,
but control the level of calcitonin expression by C-cells.
Vascular density controls epithelial reorganization and follicle
formation in vivo
Having noted that follicular differentiation was modestly
affected in cKO mice (Fig. 4), we thus carefully analyzed the
impact of decreased vascular density on thyroid epithelial mor-
phogenesis. This analysis was started at e15.5, the stage at which
thyroid epithelial cells have normally initiated their reorganization
from a non-polarized multilayer cell mass into pre-follicular
“rosettes” structures, concomitant with invasion by endothelial
cells (Fig. 5A). Epithelial cell polarization and organization into
“rosettes” were analyzed using ezrin and E-cadherin immunola-
beling. Control thyroids showed both intracellular ezrin+ vesicles
(arrow in Fig. 5A), and larger ezrin+ structures shared by several
epithelial cells (arrowhead in Fig. 5A), indicating intracellular
build-up of an apical domain followed by coordinated apical fusion
to form a lumen. In contrast, the Vegfa cKO epithelium appeared
on sections as a multilayered epithelial mass (Fig. 5A′), suggesting
a general reorganization defect, without any demonstrable
“rosette”', and bearing much smaller ezrin+ dots that had appar-
ently not fused into lumina (arrows in Fig. 5A′). Moreover,
immunolabeling for the tight junction marker, ZO-1, betterevidenced coalescence of several apical domains in WT (arrow-
head at Fig. 5B), and revealed perturbed polarization of cKO
epithelial cells, with only short ZO-1+ stretches between two
adjacent membranes (Fig. 5B and B′). We ﬁnally looked at
defective polarization in cKO from the basolateral membrane
perspective. While the key component of basement membranes,
laminin, was readily labeled around all “rosettes” in WT, it was
mainly restricted to the periphery of cKO thyroids (Fig. S7).
Altogether, these data indicated that a severe decrease of endothe-
lial cell density strongly impacted on the organization of thyroid
epithelial cells into pre-follicular “rosettes”, resulting in persistence
of a multilayered cell mass with defective polarization and apical
lumen formation.
At birth, the difference in glandular organization between
control and cKO thyroids was even more dramatic. As expected,
control thyroid epithelial cells, surrounded by a dense vascular
network, formed large follicles, i.e. polarized epithelial monolayers
with continuous ezrin labeling at the apical pole of several cell
proﬁles, and laminin at each basal pole (Fig. 5C–E). In contrast, the
overall epithelial organization of cKO at birth, when based on E-
cadherin labeling alone, could not be distinguished from that at
e15.5 (compare E-cadherin staining in Fig. 5A′ and C′): thyroid
epithelial cells remained clustered as a mass with few interspersed
endothelial cells. Ezrin+ structures were smaller and more abun-
dant (Fig. 5C′–E′). Quantiﬁcation of the size and the number of
ezrin+ structures in three controls versus cKO glands at P0
conﬁrmed this conclusion (Fig. 5F; mean size: 18730 vs
7710 mm², n¼436 and 523, po0.0001 by the Kolmogorov–
Smirnov test; number of: 1976 vs 44718 ezrin+ structures
per section, n¼10 confocal sections, po0.05 by the ranked
sign test).
These observations suggested that the defective organization of
epithelial cells into follicular structures involved impairment of
Fig. 5. In vivo reduction in vascular density impairs epithelial reorganization and follicle formation. Representative immunoﬂuorescence views of control ((A)–(E)) and cKO ((A
′)—(E′)) thyroid sections or full projections over 18.5 mm ((D), (D′)). ((A)–(B)) At e15.5, control epithelial masses (E-cad+; dotted lines) have started to form pre-follicular
structures or “rosettes”. Concerted polarization of epithelial cells is also initiated, as demonstrated by pluricellular apical ezrin+ structures and ZO-1 belts (arrowheads in (A),
(B)). In contrast, the epithelium of Vegfa cKO thyroids remains a mass of non-polarized cells with random small intracellular ezrin dots (arrows in A′) and rare, exclusively
bicellular ZO-1 staining (B′). ((C)–(E)) Around birth, control thyrocytes (E-cad+) are organized into follicles, where ezrin delineates well-deﬁned apical lumina shared by 7 to
9 cells per proﬁle (numbered in (C)), showing multiple contacts with blood capillaries (PECAM+). The enlarged size of closed lumina and the density of surrounding
microvasculature are best appreciated by the full projection at (D). In cKO, thyrocytes are still clustered as a multilayered mass, wherein only a minority of cells have engaged
into the formation of small ezrin+ structures, shared by 2 to at most 4 cells per proﬁle (numbered in (C′)). Other cells show intracellular ezrin dots (arrow in (C′)), which
mimick those seen at e15.5 in controls (arrow in (A)). ((D), (D′)) 3D reconstruction of 50 confocal images evidences a higher number of smaller ezrin+ structures between
fewer vessels in Vegfa cKO. ((E), (E′)) Opposite localization of apical cellular (ezrin) and basal extracellular (laminin) markers in WT conﬁrms full thyrocyte polarity in
independent follicles. In cKO, epithelial cells (E-cad+) exhibit defective apico-basal polarization: cells displaying ezrin at one pole do not assemble laminin at the opposite pole,
and vice versa (arrows in (E′)). (F) Quantiﬁcation of the number and size of ezrin+ structures at birth. As compared to controls, the number of ezrin+ proﬁles per section in cKO
glands is twice higher but their mean size is twice smaller, exceptionally reaching 50 mm², as opposed to ∼150 mm² in controls. ((G)–(I)) Transmission electron microscopy at
e18.5. (G) A control follicle, composed of at least 5 polarized thyrocytes in this part of the section, surrounds a closed lumen (tight junctions at the upper part of the lateral
membrane marked by arrows) into which numerous microvilli project. (H) In cKO thyroids, follicular structures are smaller due to fewer cells, displaying apical differentiation
(tight junctions) and shared lumen with microvilli. (I) Some cKO cells exhibit apparently similar structures (red asterisk), yet entirely intracellular (no visible junction).
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cles, normally allowing lumen expansion. Closer analysis of ezrin+
structures conﬁrmed that lumina were shared by ∼8 cell proﬁles
per WT section (roughly 40/follicle) vs ∼3 proﬁles (>10/follicle) in
cKO (see numbers in panels C, C′). Moreover, intracellular ezrin+
vesicles were still observed in some cells of cKO thyroids at P0
(arrow in Fig. 5C′), but never in WT. To better visualize this
difference, orthogonal views showed large ezrin+ lumina in the
control, while in cKO newborns these structures appeared smaller
or collapsed at light microscopic resolution (short arrows in
Fig. S8).
However, transmission electron microscopy on e18.5 glands
showed that the ezrin+ apical staining shared by ∼3 cells in cKO
(Fig. 5C′) were actually small lumina with microvilli (Fig. 5H).
Moreover, epithelial cells forming these small structures had
developed tight junctions indicating that some Vegfa cKO epithe-
lial cells were still competent for acquiring and developing an
apical domain, yet they did not all do so (arrow in Fig. 5G and H).
Projection of tight junctions into the lumen of the fewer smaller
“rosettes” in cKO was a distinctive feature fromWT follicles, where
tight junctional belts were clearly positioned below the average
level of the apical membrane. Despite the ability of these cells toacquire apical characteristics, their basal pole visualized by lami-
nin staining was still abnormal, failing to continuously circum-
scribe “rosettes”/follicles (Fig. 5E and E′). Nevertheless, several cKO
epithelial cells did not succeed to polarize, as demonstrated by the
persistence of intracellular vesicles (asterisk in Fig. 5I) and the
absence of tight junctions. In conclusion, the reduction in vascular
density in VEGFA cKO thyroids impaired the general reorganiza-
tion of the epithelial mass into monolayers by altering polariza-
tion, as evidenced by lack of deﬁned basal pole and reduced
coordinated assembly of apical pole (o4 cell proﬁles per shared
lumen).
Thyroid development is reproduced in culture: bilobation,
differentiation, polarization and vascularization
Arguably, a trivial explanation for the observations reported so
far could be the lack of adequate supply of oxygen and nutrients.
To rule out this explanation and to better understand how
endothelial cells themselves impacted on the development of
thyroid epithelial and C-cells, we set up an original ex vivo explant
culture system of the thyroid. Based on our expertise of pancreatic
explant culture, we dissected e12.5 embryos and isolated the
Fig. 6. Key steps of thyroid development are reproduced ex vivo: bilobation, vascularization, polarization and folliculogenesis, and dual endocrine differentiation.
(A) Expansion and bilobation. Whole-mount immunolabeling of e12.5 thyroid explants before and after 4 days of culture. At e12.5, the thyroid midline anlage (th; E-cad+,
Nkx2.1+) is positioned ventrally to the trachea (tr; E-cad+ only), while the ultimobranchial bodies (ub; E-cad+, Nkx2.1+) are lateral and caudal. After 4 days ex vivo, the
thyroid midline anlage has migrated laterally and fused with the ultimobranchial bodies to form two lobes on each side of the trachea. (B) Vascularization, polarization and
folliculogenesis. After 4 days ex vivo, almost all epithelial cells are polarized (ezrin+) and organized in follicular structures closely surrounded by a capillary network (PECAM
+), despite lack of blood ﬂow. Panel at left shows a frame selected from Supplementary Movie 3. (C) Dual endocrine differentiation. PCR proﬁling of differentiation markers in
the cultured thyroid explants. After 4 days ex vivo (e12.5+4), expression of thyroperoxidase (Tpo), thyroglobulin (Tg), TSH receptor (Tshr), Na+I− symporter (Nis) and
calcitonin a (calca), undetectable one day after culture onset (e13.5), was comparable to that observed in vivo (e17.5).
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this stage, the thyroid primordium is composed of an elongated
mass of non-polarized epithelial cells that has not yet fused with
the ultimobranchial bodies (Figs. 1 and 6A). Such explants were
placed on a ﬁlter at the interface between air (above the ﬁlter) and
the medium (below the ﬁlter). After 24 h in culture, two thyroid
lobes had formed on each side of the trachea and continued to
expand ex vivo (up to 4 days; see Fig. S9). Whole-mount immu-
nolabeling for Nkx2.1 after 4 days in culture conﬁrmed the
presence of two lobes, on each side of the trachea (Fig. 6A).
Macroscopically, this ex vivo culture system thus reproduced
in vivo morphogenic movement and expansion of the thyroid
anlage, despite dissociation from the circulation and isolation from
all distant endocrine or nervous signals.
Confocal analysis of the thyroid lobes at the end of the culture
showed that most thyrocytes nuclei, labeled for Nkx2.1, were
closely apposed to endothelial structures, and circumferentially
organized around a hypothetical center (Fig. 6B). Moreover, series
of confocal pictures along the z axis revealed that the epithelial
cells were organized in “3D spheres”, surrounded by a dense
capillary network (see Supplementary Movie 3). Triple immuno-
labeling for the (sub)apical marker ezrin, E-cadherin and PECAM,
demonstrated that thyrocytes had acquired full polarization, in the
absence of any blood supply, with the (basal) pole close to PECAM
+ blood vessels, and the opposite (apical) pole concentrating the
ezrin signal and delineating a lumen (Fig. 6B).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.47.002.
RT-PCR further conﬁrmed that explant culture allowed for
undistinguishable differentiation of thyrocytes and C-cells as
in vivo. As compared to undifferentiated e13.5 thyroids, and
similarly to differentiated e17.5 thyroids, e12.5 explants culturedfor 4 days showed induction of all tested thyrocytes differentiation
markers Tpo, Tg, Tshr, and Nis (Fig. 6C). Moreover, induction of
calcitonin expression in the explants indicated that C-cells derived
from ultimobranchial bodies had not only migrated into, and
scattered within, the thyroid primordium, but also engaged their
differentiation program during culture (Fig. 6C). Taken together,
these results validated our culture system, which faithfully reca-
pitulated all key steps of in vivo thyroid development, thus
providing an adequate and powerful model to directly test the
role of endothelial cells during thyroid development.
Pharmacological ablation of endothelial cells in explants reproduces
the in vivo effects of VEGFA cKO on epithelial reorganization
and follicle formation
To test the role of endothelial cells on thyroid development, we
used the speciﬁc inhibitor of VEGFR2/Flk-1 tyrosine kinase,
SU5416. Addition of SU5416 to the culture medium of thyroid
explants removed essentially all PECAM+ endothelial cells, as
shown in the three-dimensional reconstruction on 29-μm thick-
ness (red in Fig. 7A). As expected from the expression pattern of
VEGFR2 (Fig. 2B), the inhibitor speciﬁcally affected endothelial
cells. Indeed, thyroid explants cultured for 16 h with SU5416
showed extensive apoptosis restricted to endothelial cells, as
revealed by co-immunolabeling for active caspase-3 and PECAM
Fig. S10). This treatment did not affect epithelial Vegfa expression
in the thyroid buds, as measured by RT-qPCR (90%77% of control
explants; n¼4). Visualization of the (sub)apical marker ezrin in 3D
reconstructions revealed large spheres in the untreated explants
but smaller structures in treated ones (green in Fig. 7A), exactly as
in cKO embryos (compare with Fig. 5). Double immunoﬂuores-
cence for E-cadherin and ezrin revealed that reorganization of the
Fig. 7. Ex vivo ablation of endothelial cells impairs follicle formation. Whole-mount immunolabeling of control or treated explants (VEGFR2 inhibitor SU5416). (A) 3D
reconstruction from a Z-stack of 79 confocal images (every 0.37 mm). The dense endothelial cells network (PECAM+, red) is absent when explants are cultured in the
presence of the VEGFR2 inhibitor (VEGFR2i). Structures labeled by ezrin are much smaller. (B) Corresponding orthogonal views better show that VEGFR2i causes
maintenance of multilayering and the lack of large lumina, abundant in untreated controls, with ezrin mostly limited to intracellular dots (arrows). Upper rectangles boxed in
green correspond to XZ reconstructions from positions indicated by horizontal green lines in the central XY squares. Right rectangles boxed in red correspond to to YZ
reconstructions at the red vertical red lines. See also Fig. S7 in the supplementary material.
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remained clustered as compact masses failing to organize into
polarized monolayers surrounding shared lumina. This was evi-
denced by ezrin-labeled structures, which remained as intracellular
dots or formed smaller lumina shared by much fewer cells (arrows in
Fig. 7B). Altogether, these data showed that in vitro ablation of
endothelial cells reproduced the morphogenic defects of cKO VEGFA
in vivo, thus conﬁrming the importance of VEGFA–VEGFR2 interaction
in thyroid development and demonstrating the direct instructive role
of endothelial cells, independently of blood supply.
Exogenous endothelial cells rescue folliculogenesis and calcitonin
production in vitro
As a complementary test for a direct role of endothelial cells,
we attempted to rescue the two key defects observed in the Vegfa
cKO and SU5416-treated explants – follicular organization and
calcitonin expression – by addition of exogenous embryonic
endothelial progenitor cells (eEPCs). Two mechanisms were
addressed: (i) direct contact or proximity of endothelial cells;
and (ii) release of endothelial-derived factor(s). To this end,
thyroid explants were treated with SU5416 for 40 h to eliminate
all endogenous endothelial cells, or left untreated (control). eEPCs
stably expressing the tomato ﬂuorescent protein were then added
to the SU-treated explants on the ﬁlter and co-culture was
extended for another 56 h. To test for contact-independent,
endothelial-derived secreted factor(s), we added instead culture
medium conditioned by eEPCs for 16 h and concentrated 10 times.
At the end of the culture (day 4), Vegfr2 expression level was
measured by RT-qPCR (Fig. 8A) and ablation of endothelial cells in
SU5416-treated explants was conﬁrmed by PECAM immunoﬂuor-
escence (Fig. 8C). Since Vegfr2 is not expressed by eEPCs, we
measured instead the expression of Tie2, a known tyrosine kinase
receptor of these cells. Tie2 expression level was similar in control
(untreated explants) and SU5416-treated explants supplementedwith eEPCs (Fig. 8A). Tomato ﬂuorescence was used to visualize
the eEPCs during and at the end of the culture (Fig. S11).
We thus tested if – and to what extent – exogenous endothelial
progenitor cells or their conditioned media could faithfully rescue
follicle formation. Macroscopic and confocal analyses revealed that
both treatments were effective to induce follicle formation (Fig. 8C
and Fig. S11, compare with Fig. S9). In VEGFR2i-treated explants
cultured in direct contact with eEPCs, the thyroid epithelium
formed not only large follicular structures, but these were even
larger than in control explants. Combined ezrin, laminin and
E-cadherin immunolabeling showed that eEPCs had restored the
ability of epithelial cells to organize as monolayers and to acquire
apico-basal polarity, although less regularly than in controls
(Fig. 8C). Interestingly, no correlation was observed between the
localization of these structures in the thyroid lobes and the
proximity with Tomato-labeled eEPCs (see. Fig. S11), suggesting
that direct epithelial:endothelial contact was not required to
induce follicle formation. In line with this observation, eEPCs-
conditioned medium (c.m.) was also able to rescue the formation
of follicular structures composed of polarized epithelial cells in
thyroid lobes totally devoid of endothelial cells (Fig. 8C). Again, c.
m.-induced folliculogenesis was exacerbated as compared to
control explants, pointing to a dosage effect or to the need of a
proper balance of agonistic and antagonistic factors. Altogether,
these experiments indicated that thyroid follicle formation
requires endothelial-derived molecule(s), rather than epithelial:
endothelial contacts.
As a preliminary characterization of the “folliculogenic” activity
present in the medium conditioned by the eEPCs, we ﬁrst tested if
it was dependent on proteins, based on inactivation by boiling and
sensitivity to proteolysis. The concentrated c.m. was thus boiled
for 30 min or left on ice (as positive control of activity). Alterna-
tively, concentrated c.m. was incubated with pronase, a powerful
proteases cocktail, or with PBS (as a control) at 37 1C for 2 h.
Biological activity was then tested on VEGFR2i-treated explants by
Fig. 8. Induction of follicle formation and calcitonin expression, in thyroid explants with endothelial cell ablation, by exogenous factor(s) derived from embryonic endothelial
progenitor cell (EPC). E12.5 thyroid explants were ﬁrst treated with the VEGFR2 inhibitor (VEGFR2i) for 40 h to ablate endogenous endothelial cells, washed, then incubated
for 2 days with either exogenous endothelial progenitor cells (EPCs), or their concentrated conditioned media (c.m.). ((A), (B)) RT-qPCR analysis. (A) Treatment of e12.5
thyroid explants with VEGFR2i causes a strong reduction in Tie2 and Vegfr2 expression, two endothelial markers. Subsequent addition of EPCs restores Tie2 but not Vegfr2
expression. (B) Calcitonin expression is enhanced by EPCs or their conditioned medium. (C) Immunolabeling. In untreated control explants, epithelial cells (E-cad+) are
polarized (apical ezrin, upper row; basal laminin, lower row) and organized in follicles surrounded by a microvascular network (PECAM+). VEGFR2i ablates endothelial cells,
and prevents thyrocyte polarization (asterisk on multilayered mass) and lumen coalescence (arrowheads). Subsequent incubation of VEGFR2i-treated explants with EPCs or
their c.m. accelerates enlargement of polarized follicles as compared to untreated controls.
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assay. Both treatments strongly decreased (if not abrogated) the
folliculogenic activity (Fig. S12A), indicating the proteinaceous
nature of the folliculogenic factor(s). We next determined by gel
ﬁltration the corrersponding molecular weight range. To this aim,
concentrated c.m. were resolved by a calibrated Superdex S200
column. Two well-separated fractions displayed a folliculogenic
activity: one at very low-molecular weight, around 6 kDa, and
another one at high-molecular weight (fraction 2: 540–180 kDa)
(Fig. S12B). As in another experiment, fraction 1 (1600-540)
contained as much activity as fraction 2, the active factor could
be larger than 500 kDa. In addition, high-speed ultracentrifugation
of the c.m. disclosed partial activity in both soluble and sedimen-
table material; their combination restored initial potency (data not
shown). These data suggest several possibilities on the nature of
the “folliculogenic” factor(s) produced by the endothelial progeni-
tor cells: (i) two different proteins (a very small and a very large
one); (ii) a single protein that can exist as a monomer or associate
onto a large complex; (iii) and either form adsorbed onto sedi-
mentable particles. Further work is clearly needed to clarify
this issue.
Since VEGFA cKO causing 90% depletion of endothelial cells was
associated with a 50% decrease in calcitonin expression, we next
tested if calcitonin expression was also altered in SU5416-treated
explants and could be rescued by eEPCs or their conditioned
medium. Surprisingly, normalized calcitonin expression level was
increased two-fold in explants upon SU5416-treatment. Ascompared to SU5416-treated explants, addition of eEPCs or their
conditioned medium was sufﬁcient to induce a 2-to-3-fold
increase in calcitonin expression (Fig. 8B). Altogether, these data
indicated that during thyroid development, endothelial cells also
promote calcitonin expression by C-cells, by a contact-indepen-
dent, paracrine mechanism.Discussion
In the present work, we ﬁrst show that the midline thyroid
anlage initially expands from the endoderm as a mass of non-
polarized epithelial cells, surrounded by endothelial cells. As these
progressively invade the mass, epithelial cells reorganize into
monolayers that polarize into follicles. Exuberant development of
endothelial cells showing intimate contacts with epithelial cells,
combined with strong expression of Vegfa in epithelial cells and
Vegfr2 in endothelial cells, reﬂect coordinated reciprocal interac-
tions. Speciﬁc inactivation of ﬂoxed Vegfa alleles in the thyroid
epithelium, decreasing endothelial cells density by ∼90%, impairs
both follicles formation and C-cells differentiation. In an original
ex vivo system of thyroid explants that faithfully recapitulates
in vivo development, endothelial cells ablation by the VEGFR2
inhibitor SU5416 mimicks the effects of cKO by impairing follicular
differentiation. Conversely, co-culture of endothelial-depleted
explants with embryonic endothelial progenitor cells (eEPCs), or
their conditioned medium, exacerbates follicular reorganization
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reciprocal paracrine interactions between epithelial (VEGF-A)
and endothelial cells – via still unknown factor(s) - drive formation
of follicles and differentiation of C-cell progenitors.
Origin of the cross-talk: VEGFA expression and endothelial
response. The developing thyroid gland shows the highest Vegfa
expression in the embryo, in line with its high vascularization at
the adult stage. Whether high Vegfa expression is induced by low
oxygenation via HIF, or via HIF-independent signals such as
polarization or thyroid-speciﬁc transcription factors, remains an
open question. Three mechanisms can be envisaged. First, strong
hypoxia within the epithelial mass could induce accumulation of
Hypoxia-induced factor-1 (HIF1A), known to activate the expres-
sion of Vegfa (Fong, 2009). However, this explanation does not
account for the low Vegfa expression in the submandibular buds
(Fig. S3). Second, when breast epithelial cells cultured in 3D
matrices form disorganized structures, they express high levels
of Vegfa; conversely, restoration of polarity decreases Vegfa
expression, thus their ability to recruit endothelial cells. In this
cellular model, these effects depended neither on HIF1 expression
level nor on its activity (Chen et al., 2009). Conceivably, high Vegfa
expression in the thyroid primordium could simply be linked to
the lack of organization or polarity in the thyroid epithelial mass.
However, this is unlikely to account for in vivo observations
reported here, since Vegfa level actually increased during polariza-
tion. Third, Vegfa expression could be autonomously driven by
thyroid-speciﬁc transcription factors. A good candidate is Pax8
whose expression pattern, restricted to the thyroid and kidney,
correlates with that of Vegfa (Fig. 2B). Whatever the mechanism
responsible for Vegfa expression, thyroid-speciﬁc inactivation
of Vegfa causes a dramatic reduction in vascular density. We
conclude that, throughout its development, the thyroid epithelium
controls the recruitment, invasion and expansion of endothelial
cells via the secretion of VEGF-A (Fig. 9). The reciprocal role
of endothelial cells on epithelial differentiation was evidenced
both in vivo, using Vegfa cKO, and in vitro (thyroid explants) byFig. 9. A working model: role of endothelial cells in thyroid follicle formation and C-cell
endothelial cells (red) to invade the epithelial mass. Reorganization of the mass goes a
lumina. Follicles, i.e. monolayers of polarized epithelial cells, with ezrin (green) at the
surrounded by a dense microvascular network. C-cells (orange) are scattered between fo
inhibition), endothelial cells density is reduced. Epithelial cells remain as a multilayered
structures that fail to coalesce. In cKO, C-cells are still scattered within the epithelial mas
endogenous endothelial cells are rescued by eEPCs or their conditioned medium (c.m.),loss-of-function (full endothelial ablation by SU5416) and gain-of-
function (exacerbated lumen formation in ablated explants by
exogenous eEPCs or their conditioned medium).
Coordination between thyrocytes and C-cells. The preserved
migration and abundance of C-cells in cKO thyroids is remarkable,
even though calcitonin expression level was decreased by 50% in
newborns. Paracrine mechanism(s), originating from epithelial or
endothelial cells with which they are closely intermingled must
regulate calcitonin expression. We cannot discriminate between
the two possibilities, as follicles are not formed and endothelial
cells are absent in the Vegfa cKO. A recent study suggests that
Ephrin signaling from the follicular cells is important for C-cells
generation (Andersson et al., 2011).
Paracrine signals control the thyrocyte pool expansion. A
previous report noted that proliferating cells are mainly found at
the periphery of e15.5 thyroid bud, but scattered throughout the
gland at e17.5 (Fagman et al., 2006). We conﬁrmed this observa-
tion in WT thyroid, and provide an explanation in Vegfa cKO. Upon
conditional depletion of endothelial cells, proliferation occurred
normally at the periphery of thyroid masses at e15.5, and so
remained at e17.5, with a two-fold reduction in the total number
of proliferating cells at that stage. The restricted peripheral
localization of proliferating cells in the cKO thyroids at e17.5
implies that normal epithelial cell proliferation depends on envir-
onmental signals, from the adjacent mesenchymal or endothelial
cells. Defective epithelial reorganization of the compact mass in
cKO thyroids prevented to form individualized “rosettes” and
growing follicles closely surrounded by endothelial cells, could
only expose peripheral cells to this proliferating signal. The
identity and source of this signal remains to be discovered. Good
candidates could be mesenchymal FGFs, found to be important for
thyroid development (Revest et al., 2001; Ohuchi et al., 2000).
Moreover, in the pancreas, endothelial cells have been shown to
sustain mesenchymal survival and production of FGF10, required
for epithelial proliferation (Jacquemin et al., 2006). Likewise, we
propose that in the thyroid, endothelial cells are required tos differentiation. VEGFA released by thyroid epithelial cells (blue) triggers VEGFR2+
long with the appearance of ezrin+ structures (green) that coalesce to form early
apical pole and laminin (purple) at the basal pole, are thus formed and remain
llicles. In the absence of Vegfa expression (in vivo cKO) or VEGFR2 activity (ex vivo
mass and cannot efﬁciently polarize, thus harboring more numerous smaller ezrin+
s but express less calcitonin (light orange). Conversely, when explants with ablated
folliculogenesis is accelerated and calcitonin expression is enhanced (dark orange).
A.-C. Hick et al. / Developmental Biology 381 (2013) 227–240 239promote the reorganization of the epithelial cell mass and thereby
allow contact of epithelial cells with mesenchymal cells.
Reorganization defect. Thyroid buds in cKO newborns or
explants with ablation of endothelial cells by SU5416 remained
as a compact mass where epithelial cells displayed impaired
polarization. To monitor the formation of an apical domain, we
used ezrin immunolabeling. In control thyroids, ezrin-labeled
structures were observed intracellularly up to e15.5, then fused
coordinately to form apical lumina shared by numerous well-
polarized epithelial cells (∼8–9 in a section, thus ∼50 per lumen),
showing basal lamina indicative of a basolateral plasma membrane
domain. When endothelial cells were depleted (cKO) or absent
(SU5416-treated explants), ezrin+ structures were much smaller
and remained frequently intracellular, and cells lacked laminin
staining at their opposite pole. Although these cells could still
form ”rosettes”, the lumen was never shared by more than
4 epithelial cell proﬁles. These observations shed light on the
molecular and cellular processes of follicles formation during
thyroid development. We propose that folliculogenesis starts by
the reorganization of the epithelial cells mass. At this stage, only
peripheral cells are in contact with the extracellular matrix and
epithelial cells are not polarized. Some epithelial cells display
intracellular vesicles surrounded by ezrin. Reorganization of the
cellular mass generates prefollicular structures, or “rosettes”, in
which ∼8 epithelial cells have clustered, in a concerted and
oriented way, so that ezrin+ vesicles assume a subapical position,
i.e. have become the subapical compartment, a well-known inter-
mediate during epithelial polarization (Hoekstra et al., 2004).
Coordinated fusion then generates a lumen, which expands as
follicles mature into independent angio-follicular units and orga-
nize a tight basal lamina.
These in vivo processes are thus remarkably similar to those
reported using 3D-cultures of MDCK epithelial cells (Madin–Darby
canine kidney) (Bryant and Mostov, 2008). When cultured in
matrigel, individual MDCK cells gather and assemble into polarized
spherical monolayer surrounding a central lumen, i.e. follicular-like
structure. Before lumen formation, intracellular vesicles containing
the apical trafﬁc regulators Rab8, Rab11 and Cdc42, as well as
proteins of the exocyst complex, appear in the aggregated cells.
These vesicles converge towards the cell pole opposite to the
extracellular matrix. Oriented and concerted fusion of the vesicles
generates a central lumen (Bryant et al., 2010). Knocked-down or
dominant-negative Rab8, Rab11 or exocyst components prevent the
formation of the central lumen. Instead, MDCK cells display small
multi-lumina shared by few cells of the aggregate (Bryant et al.,
2010). Besides the MDCK molecular machineries involved in lumen
generation, initiating signals from matrigel have been pinpointed
(Yu et al., 2005). Whether the same sets of molecules are involved
in thyroid follicle formation, as proposed in our model presented
at Fig. 9, is now accessible to experimentation. In a remarkable
recent paper, the group of Costagliola recently showed that tran-
sient expression of NKX2.1 and Pax8 in ES cells, followed by TSH
treatment, stimulated non only their thyroid differentiation but also
their organization into follicles (Antonica et al., 2012). To achieve
tridimensional organization in follicles, the authors cultured ES
cells in matrigel, further underlining initiating or facilitating signals
from the extracellular matrix. Although the authors looked for
endothelial cells in their culture and found none, based on PECAM
labelling, this observation does not rule out the presence of
endothelial progenitors. Indeed, we here show that, in the absence
of PECAM+ endothelial cells, eEPCs, which are PECAM-, VEGFR2-
and Tie-2+ (Fig. 8), induced follicle formation. Alternatively, growth
factors present in the matrigel could promote follicle formation in
conjunction with TSH.
Validity of thyroid explants. Based on our expertise on
pancreas and submandibular glands development (Hick et al.,2009), we developed and extensively used in this study an original
ex vivo thyroid explants culture system that faithfully reproduces
in vivo thyroid development: bilobation, endothelial cells invasion,
remodeling of epithelial mass into fully differentiated follicles, as
well as C-cells attraction from ultimobranchial bodies and differ-
entiation into calcitonin-producing cells. We propose that, albeit
technically demanding, this innovative culture system can be a
powerful tool to study thyroid development. So far, most ex vivo
studies have used adult thyroid-derived cells, grown either on 2D
plastic dishes or in 3D matrices. In these conditions, differentiated
follicular cells either remain as follicles or reacquire a three-
dimensional organization (Toda et al., 2001; Eggo et al., 2003).
However, pure epithelial cell cultures ignore interactions with
extracellular matrix, cytokines, growth factors and other cell types
such as the endothelial or nerves cells. Moreover, commercial
matrices contain uncontrolled concentrations of growth factors
that may interfere with the process of follicle formation.
To provide instead a comprehensive set of actors for in vitro
development studies, we microdissected a fragment of tissue
localized rostral to the pharyngeal arch arteries, and containing
the trachea, but not the esophagus. During culture, the median
anlage migrates laterally and fuses with the ultimobranchial
bodies to generate the two lobes connected by a narrow isthmus.
Epithelial cells proliferate, reorganize from a mass into polarized
monolayers and differentiate into thyrocytes and C-cells, depend-
ing on their origin. Importantly, endothelial cells in the micro-
dissected tissue proliferate, migrate into the thyroid lobes, and
closely associate with the epithelial cells as in vivo, without any
need for blood supply—nor interference by circulating factors.
We further showed that this culture system is amenable to
loss- and gain-of-function experiments via the addition of speciﬁc
inhibitors, blocking antibodies, growth factors, cytokines, or even
cells. To address the contribution of endothelial cells by loss-of-
function, these were ablated by treating thyroid explants with a
VEGFR2 inhibitor (apoptosis was detected within 8 h). For gain-of-
function, ablated explants were washed and co-cultured with
embryonic endothelial progenitor cells (eEPCs). The defect of
epithelial reorganization caused by the absence of blood vessels
was over-rescued by the addition of eEPCs to the explants,
indicating a dosage effect or the lack of appropriate antagonist.
Interestingly, rescued follicle formation ex vivo did not require
contact since eEPCs-conditioned media were as effective as eEPCs
to promote epithelial follicle formation and calcitonin expression.
In conclusion, our work demonstrates that reciprocal interactions
between epithelial and endothelial cells govern thyroid gland devel-
opment. Epithelial-derived VEGF-A is necessary to recruit and allow
expansion of a dense endothelial network in the thyroid. In turn,
endothelial cells are necessary for follicular cells reorganization into
follicles and for the differentiation of the C-cells. We now focus on the
identiﬁcation of the instructive factor(s) released by endothelial cells.Acknowledgements
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